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Nanophotonic quantum computer based on atomic quantum transistor

S.N. Andrianov, S.A. Moiseev

Abstract. We propose a scheme of a quantum computer based on
nanophotonic elements: two buses in the form of nanowaveguide
resonators, two nanosized units of multiatom multiqubit quantum
memory and a set of nanoprocessors in the form of photonic quan-
tum transistors, each containing a pair of nanowaveguide ring reso-
nators coupled via a quantum dot. The operation modes of nanopro-
cessor photonic quantum transistors are theoretically studied and
the execution of main logical operations by means of them is dem-
onstrated. We also discuss the prospects of the proposed nanopho-
tonic quantum computer for operating in high-speed optical fibre
networks.

Keywords: quantum computer, quantum memory, nanowaveguide
ring resonator, quantum dot, quantum logical gates.

1. Introduction

During the last decades the choice and development of a
physical scheme for a universal quantum computer and small
quantum calculators remain an urgent problem of theoretical
and experimental studies. At present, more and more atten-
tion is paid to the construction of a hybrid scheme of a quan-
tum computer, which can comprise a few quantum processors
and a multiqubit quantum memory, having different physical
carriers. In particular, such a scheme is intensely elaborated
for a computer with superconducting qubits [1—4]. In spite of
impressive results, it is still difficult to achieve significant sup-
pression of decoherence effects in such qubits [5], which ham-
pers further progress in the development of this computer.
The arising difficulties stimulate the search for new multipar-
ticle qubits with long decoherence time (see, e.g., [6, 7] and
references therein), as well as for faster techniques of imple-
menting quantum calculations. In the latter case, we consider
as promising the photonic systems, known to accelerate sub-
stantially the execution of the data processing due to the non-
inertial nature of photons [8]. Moreover, photonic qubits find
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direct application in quantum communication lines and,
therefore, do not need additional conversion, when the pho-
tonic quantum computer is incorporated in a quantum net-
work.

The main version of a photonic quantum computer is a
linear quantum computer [9—11]. However, the operation of
its quantum gates is probabilistic, so that its stable function-
ing requires too many physical qubits [12]. These difficulties
are due to the impossibility of using photons directly to exe-
cute two-qubit operations, such as controlled-NOT (CNOT),
or controlled phase rotation, since the interaction of photons
is extremely weak under usual conditions. Considerable
efforts to solve this problem during the last decade were
aimed at finding methods for essential enhancement of pho-
ton—photon interactions in different resonance atomic sys-
tems, e.g., using the effect of mutual phase modulation of
weak light fields in a scheme of double electromagnetically
induced transparency [13—15]. In spite of significant progress
of these studies, including the appearance of new promising
schemes of implementing this approach, a necessary enhance-
ment of photon—photon interaction is still not achieved
experimentally. To overcome the existing difficulties the
authors of Ref. [16] proposed to use the optical waveguides,
tunnel-coupled with the photonic logical qubits in coupled
photonic resonators, where the double-qubit operations are
executed by means of the transfer of single-photon excitation
from the waveguides into a quantum dot, connected to them
end-to-end. However, this scheme remains not very efficient.

In the present paper, we develop an alternative way of
implementing CNOT operation, based on the quantum con-
trol of the excitation transfer between two closely spaced
microresonators via the quantum states of the atom (quan-
tum dot), operating in the mode of a control ‘grid’ of a pho-
tonic quantum transistor. Note that recently the control of
the single-photon state transfer between optical waveguides
has been successfully implemented experimentally using a
whispering-gallery resonator with a single rubidium atom
[17]. An all-optical routing of single photons has been also
experimentally demonstrated [18]. Using the technical possi-
bilities of a waveguide optical resonator, or whispering-gal-
lery resonator, containing only a single controlling atom, one
can place the second resonator closely to this atom and choose
the orientation of this resonator and the suitable distance by
means of existing nanopositioners. Thus, one can implement
the necessary coupling of two nanowaveguide ring resonators
via a single quantum dot.

Below we describe the basic properties of the considered
nano-optical scheme of the computer and the execution of
basic quantum operations by this scheme. The proposed
method allows, in principle, the execution of logical opera-
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tions with the reduced number of steps and high enough effi-
ciency. First, we describe the elementary operations with sin-
gle-photon fields that in the subsequent part of the paper are
used to implement single- and double-qubit gates.

2. Operation of excitation transfer

We use photonic logical qubits each encoded as a single-pho-
ton excitation, distributed over a pair of nanowaveguide ring
resonators coupled via a quantum dot. All pairs of resonators
with quantum dots are located along two Bragg nanowave-
guide resonators (nanowaveguide buses), via which the qubits
are transferred to the resonators from the two-section quan-
tum QMa and QMb memory cells (Fig. 1). Consider the main
logical operations with a single logical qubit. First, we trans-
fer the state of arbitrarily chosen logical qubit from the quan-
tum QMa and QMb memory cells to one pair of free ring
resonators, e.g., the pair la and 1b. The controlling atom Ic is
in the state |b)., in which the interaction between the light
fields of two adjacent resonators remains supressed.

6 QMb
@ @ (£ — T
lw Ib{l]f1c 2w 2b |3>c % [b). mbo
\. 4 \04—- 2 —r <me *./

6 5a QMa
Figure 1. Architecture of a nanophotonic quantum computer with mul-
tiqubit memory:
laand 1b, 2a and 2b,..., ma and mb are mutually orthogonal nanowave-
guide ring resonators of the first, second,..., mth logical qubits; lc, 2c,
., mc are quantum dots; 5a, 5Sb are nanowaveguides; 1w, 2w, ... , mw
are tapered optical waveguides; 6 are Bragg gratings; QMa and QMb
are cells of quantum memory for logical qubits. The inset illustrates the
quantum states of the three-level gate atom.

The transfer of photonic qubits from the cell of quantum
memory starts after the reconstruction of the macroscopic
coherence, recorded in memory atoms with different frequency
mismatch [19]. The M out-of-phase atomic coherences, each
corresponding to a separate qubit, correspond to M photonic
qubits. The phasing of each atomic coherence will be accompa-
nied by the emission of a photon and its transfer into nanowave-
guide buses 5a and 5b. Then the single-photon excitation is
transferred into the pair of resonators (1f and 1b) tuned to the
resonance with the nanowaveguide buses.

The efficient transfer of the photonic qubit from the memory
into both resonators occurs at a definite moment of time , after
the beginning of the interaction. This is possible under the opti-
mal choice of the parameters of atomic ensembles located in the
memory cells, for the corresponding constants of coupling
between the resonators and nanophotonic waveguides [20, 21].
Immediately after the transfer of the photonic qubit at 7 = , the
connection of resonators la and 1b with the nanowaveguide
buses is interrupted. For example, one can implement such inter-
ruption by changing the effective coupling length between the
resonator and nanowaveguide bus by means of an external laser
pulse irradiating the place of the contact [22].

Note that although the frequencies of two adjacent ring
resonators coincide with each other, the direct interaction and
exchange of single-photon excitations between them remain

suppressed due to the choice of different spatial orientation of
the resonators and the transfer of the controlling atom into the
blocking quantum state |b), (Fig. 1). After the transfer of the
photonic logical qubit into two resonators (la and 1b) and
switching off the connection between these resonators and the
nanowaveguide buses, we transfer the controlling atom from
the blocking state |b). into the working state |1).. For this pur-
pose we use nonresonance double-frequency laser radiation
tuned to the resonance with the transition |b), - |1).and trans-
mitted through a special tapered optical waveguide 1w (Fig. 1).

If the frequency of the atomic transition between states
[1). and |2), is close enough to the frequency of resonators la
and 1b, then the light fields in the two resonators begin to
interact with each other by transferring excitations via state
[2). of the controlling atom. Below we describe the dynamics
of this interaction in detail.

The Hamiltonian of the considered system has the form

H=H,+ H, (1
where
HO=Ha+Hr9 (2)

is the base Hamiltonian;

Hy=H",+H?, ()
is the perturbation Hamiltonian;

H, = .50 )

is the Hamiltonian of a gate atom in terms of operator gen-
erators S of the SU(3) group; ¢, is the energy of level u;

H, = hwai a + hw.a3a> 5)

is the Hamiltonian of the photons in nanowaveguide ring
resonators 1 and 2; w, is the frequency of photons;

HY, = GNsVa + G SYaf (6)
is the Hamiltonian of interaction between the photons in the
resonator and the three-level gate atom at the 1 - 2 transition
within the framework of Janes— Cummings model; G} is the
couplmg constant; SY and S are the transition operators;
a; and af are the operators of creation and annihilation of
photons in the resonators; and /=1, 2.

Consider a particular case, when the frequencies of the
photons in ring resonators la and 1b are detuned from the
frequency of the |1), « |2). transition of the gate atom by the
value of A, exceeding the constant of the coupling of the
atoms with the modes of the ring resonators. The controlled
frequency mismatch can be implemented by using an external
laser pulse [23], quickly changing the effective optical length
of the resonator and causing the adiabatic change in the reso-
nator operating frequency within a wide spectral range. To
describe the quantum dynamics of the photonic qubit for the
sufficiently large frequency mismatch A, we can use the
Schrieffer— Wolff transformation, which to the first-order
terms yields the expression for the effective Hamiltonian

Hy=Hy+ 1

Y, 5) )
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Choosing appropriately the parameter s, we arrive at the
expression for the effective Hamiltonian

H, = SMSL‘L + hw.ai a + ho.as a; + (|G(2 P+ G(z) |2)

0) (0 a 0 0
XSZI)SI(Z) + (|G21)| aray+| G21)| a;al)(S£2) St ))
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where
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Let us write the wave function of a logical qubit in the
form

(1T)

where ¥, = |0)o|1)1]0), and 1, = |0)|0)]1),. Here, subscripts 0,
1 and 2 denote the states of the gate atom and the photons in
resonators 1 and 2. The Schrodinger equation with the
Hamiltonian (1)—(6)

Y=yt e,

d . . . .
d_yt) = —lenay — 1€10Y) — 10 QY — 10:CY),
'IG(I) | (2)
+1 ayr+1 &
e I
G(l)G(Z)* G(l)*G(2)
+1 h A 011/12 + ITAZICﬂ/)], (12)

yields a system of equations for coefficients ¢; , of the wave
function in Eqn (11):

(1) 2 (1)* (2)
%:_i(s“mr—'g A' )"””th o, (13)
(2) (1) ~(2)*
%:—i<£”+wr G A' ) +1GthA a. (14)
For Géll) = G(z) G, and the initial conditions ¢;(0) = 1 and

¢,(0) = 0, the solutions to Eqns (13) and (14) have the simple
form

: |Gx [P |Gxi [P
0 = exp —1(811+wr— h221A t cos( hZIA >, (15)
. . 1GaP\ 1. /|G
~ iexp _l(e.lwr_ Gl Lin(192 L), (16)

and the wave function of the logical qubit is written as

Expression (17) demonstrates high-efficiency transfer of the
excitation Qp(p) [p = |Gy [*t/(#*A)] from resonator 1a to res-
onator 1b due to their indirect interaction via the gate atom,
which is possible by choosing a suitable frequency mismatch.
The complete transfer of excitation from one resonator to the
other is possible also in the case of a resonance interaction of
resonators with the gate atom (A = 0), e.g., as shown for the
scheme of a quantum transistor [24], in which the interaction
of atomic ensembles via the gate atom in two crossed resona-
tors is used.

The gate atom can be, e.g., a quantum dot that has large
enough dipole moment of the optical transition [25], which is
necessary for fast transfer of the single-photon excitation
between ring resonators. It is important that a quantum dot
can have a sufficiently large decoherence time (~10~*s) of the
ground-state spin sublevels [26, 27]. Therefore, it is possible to
execute all necessary sets of operations, related to the revers-
ible loading of the photonic qubit into the ring resonators
from the memory, implementing the required quantum gates
in them and the transfer of the logical photonic qubit back to
the memory.

3. Logical gates

Using the above process of controlled transfer of a single-
photon state between two resonators, we first describe the
implementation of NOT operation using the system of pho-
tonic qubits stored in two quantum memory cells. For the
operation of the single-qubit logical NOT gate, the chosen
photonic logical qubit stored in two multiatom multiqubit
quantum memory cells (QMa and QMb) is transferred from
them via two nanowaveguide buses (5a and 5b) into one of
the processor nodes consisting of two nanowaveguide ring
resonators and a quantum dot. Then, ring resonators (la and
1b) of the chosen processor node are disconnected from buses
Sa and 5b of the computer and the quantum transfer of the
excitation between resonators If and 1b mediated by the
quantum dot 1c (Fig. 1) occurs in correspondence with for-
mula (17). In this case, the initial state of the logical qubit can
be written as

Y= (al1)i]0); + Bl0) 1)), (18)
where |0), and |1), are the ground and excited states of the
resonator (n = 1, 2); |1). is the wave function of the ground
state of the three-level gate atom. In the process of the excita-
tion transfer, the wave function (18) under the action of the
operator Qgr(p) is transformed to the form

|Gy p
h’A

>|1> 10), +1s1n<

Oer(p)yi = expl_i(£11 + o, —

(oo 9

|G [
+
ﬁ[lSlH( TIA

Ejoyimy))

11,10}, + cos(1E oy 1 s, 19)
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Note that the quantum dynamics of Eqn (19) is due to the
virtual excitation of level |2). of the controlling atom that
resides mainly in the ground state |1), during the evolution.
For |Gy *t/(2A) = m/2, omitting the inessential phase factor in
Eqn (19), we obtain

Opr (5 9= @l0)i[1) + BIDL 0}, (20)
i.e., NOT operation. For successful termination of this opera-
tion, it is necessary to stop the process of the excitation trans-
fer between the resonators. This can be achieved either by
transferring the excitation of the controlling atom from the
ground state |1). to the uniting level |b)., or by the adiabati-
cally fast large detuning of the frequency of resonators from
the frequency of the gate atom transition using the method
[23] of the resonator frequency laser control. The qubit rota-
tion stops because of an abrupt decrease in the atom—resona-
tor coupling constant. After the execution of NOT operation
the qubit returns to the quantum memory cells via nanowave-
guide buses 5a and 5b of the computer. In a similar way one
can implement the Hadamard logical gate, choosing the inter-
action time smaller by two times, so that

|G2l|2[_£
REA 4

To implement the two-qubit logical gate of the controlled
negation CNOT, one has to perform the following opera-
tions. First, from the QMb quantum memory cell, the single-
photon excitation corresponding to the upper state of the
controlling qubit is transferred to the ring resonator 1b of the
chosen processor node. Then, this resonator is disconnected
from the computer bus, and the excitation is transferred to
the |2), state of the quantum dot via the |1), = |2), transition
(Fig. 1). After that, using the external laser pulse supplied via
a tapered waveguide 1w, we transfer this excitation to the
blocking sublevel |3)., so that the population difference in the
working transition |1), = |2). becomes zero. Then the con-
trolled qubit is transferred from the QMa and QMb quantum
memory cells via buses 5a and 5b to ring resonators la and
1b, as in a single-qubit NOT gate. However, in the present
case there is no excitation transfer between the ring resona-
tors of the processor unit, since the populations of |1), and |2),
states of the working transition of the quantum dot are zero.

Finally, the excitations are transferred back via the same
ways into quantum memory cells: first, the excitation of the
controlled qubit and then that of the controlling one is trans-
ferred. If the excitation was absent in the initial upper state of
the controlling qubit in the QMb quantum memory cell, then
the excitation transfer in the controlled qubit will occur as
during the operation of the NOT single-qubit gate.

The described operations implement the controlled nega-
tion gate, which together with the single-qubit gates forms a
universal set of gates. Therefore, an optical multiqubit quan-
tum computer can be constructed, in which the fast execution
of operations is due to using the optical control of the interac-
tion of the single-photon resonators with a common wave-
guide resonator and quantum dots that provide the control-
lable quantum coupling between nanophotonic resonators.

The authors of [28] and [29] experimentally measured the
values of the coupling constant between the quantum dot and
photons in the resonator to be 100 and 160 GHz, respectively.
Therefore, the execution time for the above operations can be
tens of picoseconds, which allows their successful execution

during a time mush less than the time of storing the informa-
tion at the intermediate levels of the quantum dot. The latter
can be increased in the case of electron spin states to 30 ns [30],
and even to tenths [26, 27] and units [31, 32] of microseconds.

4. Conclusions

Thus, we have demonstrated theoretically the possibility of
creating an optical universal quantum computer based on a
quantum transistor effect using nanowaveguide resonators
coupled via a controlled gate atom. Its execution speed
amounts to tens of picoseconds, since the only limiting factor
is the switching rate of the resonator frequency and the Rabi
frequency of the quantum dot, playing the role of a gate atom.
The on-line storage of quantum information in the computer
is provided by the nanowaveguide quantum memory based
on the photon echo, which can be used for a large number of
broadband photonic qubits [19, 20, 21, 33].

In connection with the success in developing multicubit
quantum memory, it is of interest to design a quantum com-
puter, where the role of the photon echo is not only to store
the photonic qubits, but also to perform logical operations.
Such a version of a single-pass quantum computer was pro-
posed in Ref. [34]. In the present paper, we describe a scheme
of the optical quantum computer that has two quantum mem-
ory cells, thus allowing the implementation of a multipass
nano-optical scheme of a deterministic quantum computer
based on logical qubits.

It is worth mentioning the recent experimental implemen-
tation of an optical nanowaveguide resonator with Bragg
gratings [35]. The linear dimensions of this nano-optical reso-
nator can be a few centimetres, which makes it possible to
couple to it many ring microresonators at once. The authors
of Ref. [35] managed to place a single quantum dot at the
surface of a nanowaveguide with the localisation precision
~3 um. This localisation uncertainty is much smaller than the
supposed diameter of the ring resonator, which allows suc-
cessful connection of two ring resonators via a nanodot in the
scheme proposed by us.

Thus, the architecture of a nano-optical quantum com-
puter, described in the present paper, can be implemented
using the already existing and intensely developed technolo-
gies based on high-Q optical resonators [22, 23, 35-38] and
the principles of multiqubit quantum memory in a resonator
[19, 39-42]. The multiprocessor architecture of the quantum
computer will make it possible to perform parallel computa-
tions, which will accelerate task execution and facilitate the
solution of the problem of decoherence suppression for the
qubits present in the gate atoms and resonators or stored in
quantum memory. Moreover, the use of a nanowaveguide
bus will allow direct coupling of quantum processors to high-
speed data transmission fibre lines. Therefore, this optical
computer can find successful application in quantum commu-
nication devices, such as quantum repeaters, quantum routers
and devices for quantum digital signature formation.
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